Background: Within the last decades, genome-editing techniques such as CRISPR/Cas, TALENs, Zinc-Finger Nucleases, Meganucleases, Oligonucleotide-Directed Mutagenesis and base editing have been developed enabling a precise modification of DNA sequences. Such techniques provide options for simple, time-saving and cost-effective applications compared to other breeding techniques and hence genome editing has already been promoted for a wide range of plant species. Although the application of genome-editing induces less unintended modifications (off-targets) in the genome compared to classical mutagenesis techniques, off-target effects are a prominent point of criticism as they are supposed to cause unintended effects, e.g. genomic instability or cell death. To address these aspects, this map aims to answer the following question: What is the available evidence for the range of applications of genome-editing as a new tool for plant trait modification and the potential occurrence of associated off-target effects? This primary question will be considered by two secondary questions: One aims to overview the market-oriented traits being modified by genome-editing in plants and the other explores the occurrence of off-target effects. Methods: A literature search in nine bibliographic databases, Google Scholar, and 47 web pages of companies and governmental agencies was conducted using predefined and tested search strings in English language. Articles were screened on title/abstract and full text level for relevance based on pre-defined inclusion criteria. The relevant information of included studies were mapped using a pre-defined data extraction strategy. Besides a descriptive summary of the relevant literature, a spreadsheet containing all extracted data is provided.
Background
Technological progress in agriculture and plant breeding has contributed significantly to a stable food supply and formed the basis for high yields as well as the production of high-quality agricultural products [1] . However, in an ever-changing world, new challenges will be encountered within the next decades. Aside the demands of the growing global population and limited fossil resources, climate change is a driver of breeding efforts as it is associated with increased extreme weather events like droughts or floods as well as changing dynamics of pests and diseases. Agriculture needs to ensure and increase the world agricultural production to serve extended demands with limited environmental resources like soil and water [2] . In contrast, intensification of agriculture causes considerable impact on nature, as naturally diverse landscapes are replaced by arable land for the cultivation of few plant species. Biodiversity is threatened through habitat loss and pesticide use, which in turn is considered to increase disease and pest pressure [1] . Additionally, these impacts of agriculture on the environment are becoming increasingly important in societal debates.
To meet all these challenges, improved crop varieties may be developed and integrated into a sustainable farming system considering their economic, environmental and social impacts [2] . Examples for a sustainable farming system are the preservation of natural soil fertility through suitable crop rotations, fertilization and plant protection according to the principles of integrated cultivation or a balanced and species-appropriate animal husbandry [3] . Additionally, plant breeding is of crucial importance to manage environmental impacts on cultivation systems by providing varieties resistant to plant diseases or pests, tolerant to abiotic stress and more broadly support a "greener production"-in time. This may reduce pesticide use and result in less intense management efforts (e.g. irrigation) [4] . Further yield improvement can increase the yield per hectare and may open land management options e.g. balance with areas for nature conservation [1] . Nevertheless, there is evidence that increased yields may lead to a rebound-effect meaning that yield improvement conserves the rate of land clearance, but the effect is smaller than it could be [5] . One example for the rebound-effect in agriculture is the Green Revolution [6] . As a result of this revolution, yields increased, saving ecosystems from conversion to agricultural land. However, the effect was much smaller than expected. One explanation for this effect may be that increased productivity due to new technologies also increases the profitability of agriculture compared with alternative land use [6] .
Plant breeding essentially relies on the utilization of genetic variation within the breeding material that can be used for crossing and selection to develop improved varieties. New genetic variation occurs naturally by spontaneous mutations that enable some individual plants in a population to adapt to changing environmental conditions. However, as the mutation rate is fairly low and random, plant breeders and scientists have artificially induced mutations for several decades [7] . The first generation of mutation breeding used chemical and physical mutagens to generate a plurality of nonspecific mutations. The increased mutation rate results in plants with a few positive, a lot of neutral and several negative characteristics. Thus, laborious backcrossing and selection steps are necessary in order to select for a target trait in a desired genetic background (maternal variety). Nevertheless, to date 3282 mutant varieties from 225 different plant species have been generated through undirected mutagenesis and officially but voluntarily registered [8] .
Mutagen
A mutagen is an agent that increases the mutation rate within an organism or cell, e.g. X-rays, gammarays or chemicals like ethyl methane sulfonate (EMS).
Mutation breeding
A plant breeding approach using mutagens to enhance genetic variation. The resulting random mutations can generate new gene variations with positive traits that can be selected for further breeding. However, several of these mutations are negative and diminish the viability of the plant.
Off-target effect due to genome editing
Unintended cleavage and mutations at untargeted genomic sites with similar but not identical sequences compared to the target site.
Selection
A process in breeding by which the breeder chooses only those individuals that show desired trait(s).
No template is added and the DSB is repaired by
autochthonous cellular mechanisms [in most cases non-homologous end joining (NHEJ)] resulting in small insertion-deletion (indel) mutations. This approach is defined as SDN1. 2. A repair template is added which, except for a few nucleotides, is identical to the sequences in which the DSB is introduced. Then, the DSB is repaired via homology-directed repair (HDR), causing nucleotide substitution or, depending on the template used, targeted indels of a specific size. This approach is defined as SDN2. 3. The repair template harbors a recombinant DNA sequence additional to the homologous sequences in which the DSB is made and the break is repaired via HDR, resulting in more complex alterations, i.e. the insertion of foreign genes. This approach is defined as SDN3.
The Oligonucleotide-Directed Mutagenesis technique does not induce a DSB. Instead the introduced oligonucleotide binds to the targeted DNA sequences and this sequence is then modified by the cellular mechanism of mismatch repair [10] . Base editing is a recently developed approach enabling a targeted switch of DNA bases in a given frame into another without any DSB [17] .
Genome-editing offers substantial advantages compared to previous mutation breeding techniques and conventional genetic engineering in terms of speed and precision. It provides the opportunity to selectively mutate or modify one or a few genes (SDN1, SDN2). In addition, it is now possible to precisely modify or selectively replace (SDN3) entire genes from both closely as well as distantly related organisms [10] . By the use of conventional genetic engineering, traces of recombinant DNA, from the used gene shuttle (e.g. bacteria, virus or plasmid), persist in the modified organism leading to clearly characterized genetically modified organisms. In contrast, by applying genome-editing, it is possible to modify crops without inserting foreign DNA sequences at all [18] . Therefore, some countries like USA, Canada, Brasilia, Argentina and others reduced the regulatory burden for plant breeders [19] . Due to the simplicity, time-saving and cost-effective application of genomeediting, it has already been applied in a wide range of cultivars. Genome-editing has been used for:
i. Analyzing gene functions (e.g. effect of the RAV2 gene for salt stress in rice [20] ). ii. Improvement of product quality (e.g. improved oil quality in soybean [21] ). iii. Development of disease resistant varieties (e.g. virus resistant cucumber [22] ).
In 1983, the first recombinant DNA was delivered to plant cells using Agrobacterium tumefaciens [11, 12] . From this time on, it is possible to work at a single gene level with genetic material from any organism, generating plants that cannot be bred conventionally. Nevertheless, the induced mutations using chemical and physical mutagens as well as the "classical" transgenic approach show limited efficiencies and unintended side effects due to the random targeting [13] .
In recent years, genome-editing techniques have been developed enabling a more precise modification of DNA sequences in a site-directed manner [10] . To date, genome-editing comprises three molecular approaches that efficiently induce targeted alterations in genomes: (i) Site-directed nucleases (SDN), including Meganucleases (MN), Zinc-Finger Nucleases (ZFN), Transcription Activator-Like Effector Nucleases (TALENs) and Clustered Regularly Interspaced Short Palindromic Repeats/ CRISPR associated protein (CRISPR/Cas), (ii) Oligonucleotide-directed mutagenesis (ODM) and (iii) base editing (BE). A detailed description of the single techniques is summarized in Additional file 1. Site-directed nucleases induce double-strand breaks (DSBs) in the DNA which are subsequently repaired by the autochthonous cellular mechanisms. The type of repair can be categorized in three main types [10, [14] [15] [16] :
iv. Developing of herbicide tolerant varieties (e.g. resistance to the herbicide chlorsulfuron in canola [23] ). v. Improved adaption to abiotic stress, (e.g. drought tolerance in maize [24] ).
Even in plants like hexaploid wheat, that were so far largely inaccessible for targeted genetic alterations, the simultaneous mutation of all six alleles was successfully performed [25] . These successful applications are opening up new dimensions for the scientific plant breeding and agricultural community.
Compared to randomly induced mutations by chemicals or irradiation, the number of unintended mutations (off-target effects) is broadly reduced by genome-editing techniques [10] . Nevertheless, their application does not completely or per se exclude the occurrence of off-target effects. Off-target effects caused by genome editing most likely occur in DNA sequences that are similar (not identical) to the targeted one but are located at another site in the genome. Mainly, they occur due to the lack of exclusiveness and/or length of the recognition site [10] . When analyzing off-target effects, one distinguishes between biased and unbiased detection methods [26] . To date, the predominant approach for identifying off-target effects is the biased approach consisting of two steps: (i) Using sequence alignment programs, sites in the genome with high similarity to the target sequence are identified, which are designated as potential off-target sites. Several different tools like BLAST [27] , Cas-OFFinder [28] or CRISPR-P [29, 30] are used to identify these potential offtarget sites. (ii) The identified individual DNA sequences (potential off-target sites) are then analyzed for undesired mutations (off-target effects) using various detection methods like mismatch-sensitivity endonuclease assays, Sanger sequencing or targeted deep sequencing [31] . All detection methods have their specific advantages and disadvantages which are addressed in several reviews (e.g. [26, 32] ). In contrast to the biased detection methods, unbiased ones are used to identify off-target effects in a completely unrestricted way. Therefore, it requires genome-wide sequencing to identify off-target mutations anywhere in the genome and de novo define offtarget sites [26, 32] . Depending on the detection method being used, the results of identifying off-target mutations vary widely. Although genome-editing techniques induce much less off-target effects compared to classical mutagenesis techniques, these are an important point of criticism as they may possibly cause genomic instability, cytotoxicity and cell death [33] [34] [35] .
This systematic map facilitates an objective debate by informing interested stakeholder communities in a transparent and retraceable manner about the status of research, the progress of genome-editing in plants and the available evidence for the potential occurrence of associated off-target effects. Furthermore, risk assessors and decision makers are depending on the provision of a reliable body of evidence to support conclusions about potential risks being associated with the application of genome-editing. Thus, an overview of the available evidence on the occurrence of off-target effects could be of crucial importance.
Stakeholder engagement
The systematic map question, the secondary questions and the scope was designed by the review team reflecting discussions with policy makers, authorities, regulators and academia requesting a broad overview on the available evidence about the application of genome editing in plants and the potential occurrence of off-target effects. Throughout the review process there was no stakeholder engagement. As indicated in the systematic map protocol the results of the map were discussed on a conference with different stakeholders from this field, including besides others plant breeders, federal authorities, academia, farmer organizations and processing industry. Stakeholder remarks are taken into account when preparing a systematic review based on the results of this map.
Objectives of the map
As genome-editing techniques are a promising tool to revolutionize plant breeding, they are of particular relevance to scientists, breeders, farmers but also to decision and policy makers with regards to the broader agricultural management and future challenges. Therefore, we wanted to provide a comprehensive and transparent overview of the available evidence base concerning the effects of genome-editing in plants. The main objectives were:
• Overview of the traits modified by genome-editing in model plants as well as in crops produced for agricultural production. • Overview of the available evidence about the occurrence of off-target effects due to the use of genomeediting techniques in model plants as well as in crops produced for agricultural production. • Identification of the geographical distribution of genome-editing activities in plants worldwide. • Identification of the volume of the available literature, evidence clusters and key characteristics of the evidence base to inform interested stakeholder communities. • Identification of knowledge gaps concerning the occurrence of off-target effects in order to inform decision makers which future research might be needed for a risk assessment. • Assessment whether a specific section of the available evidence base is suitable for an in-depth analyses by a systematic review.
The primary question of the systematic map was: "What is the available evidence for the range of applications of genome-editing as a new tool for plant trait modification and the potential occurrence of associated off-target effects"?
To answer this primary question, it was subdivided into two secondary questions related to (1) the traits modified by genome-editing and (2) the occurrence of off-target effects due to the use of genome-editing.
Secondary question one
"What are the traits modified by genome-editing in model plants as well as in crops produced for agricultural production?" Population:
Any model plant or crop produced for agricultural production. Intervention: One of the following genome-editing techniques was used to induce an alteration in the plant genome: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein (CRISPR/Cas), Transcription Activator-Like Effector Nucleases (TALENs), Meganucleases (MN), Zinc-Finger Nucleases (ZFN), Oligonucleotide-Directed Mutagenesis (ODM), base editing (BE). Outcome:
The alteration of the genome (i.e. insertion, deletion or substitution of nucleotides) induced by the use of a genomeediting technique.
Secondary question two
"What is the available evidence for the potential occurrence of associated off-target effects due to the use of genome-editing in model plants as well as in crops produced for agricultural production?" Population: Any model plant or crop produced for agricultural production. Intervention: One of the following genome-editing techniques was used to induce an alteration in the plant genome: Clustered
Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein (CRISPR/Cas), Transcription Activator-Like Effector Nucleases (TALENs), Meganucleases (MN), Zinc-Finger Nucleases (ZFN), Oligonucleotide-Directed Mutagenesis (ODM), base editing (BE). Outcome:
The alteration of the genome (i.e. insertion, deletion or substitution of nucleotides) induced by the use of a genomeediting technique. Additionally, the occurrence of off-target effects was assessed.
Methods
The methods used to conduct this systematic map were based on the Collaboration for Environmental Evidence (CEE) systematic review guidelines [36] . Detailed information about the methods used to perform this systematic map are presented in the published protocol [37] . A brief summary of these methods is provided here.
Search for articles
The search string was composed of two parts: The first part defined the population of interest comprising less specific terms like crop, plant or seed as well as specific model plants and crops including their English and Latin names. The second part defined the intervention, i.e. the genome-editing technique applied to induce an alteration in the plant genome (CRISPR, TALENs, ZFN, MN, ODM or BE). To test the comprehensiveness of the search strategy a scoping search was carried out and the identified records where tested against an a priori defined test library with articles of known relevance. Details on search settings and subscriptions can be found in Additional file 2. The following bibliographic databases were searched whereby the search string was adapted to the specific needs of each database to which it was applied to: In addition, Google Scholar (https ://schol ar.googl e.com) was searched using 30 different combinations of different (model) plants and genome-editing terms. The first 20 hits organized by relevance, of each search term were examined for relevance. Furthermore, a total amount of 47 web pages of companies working with genome-editing and the USDA database "Am I regulated?"
(https ://www.aphis .usda.gov/aphis /ourfo cus/ biote chnol ogy/am-i-regul ated) were searched to identify grey literature. Finally, the bibliographies of 107 review articles identified by the literature search were screened to identify further relevant papers. In May 2018, the search string was applied in order to identify articles published after 1996, when the first study about a genomeediting technique was published.
Article screening and study eligibility criteria Screening process
Before applying the selection criteria at title/abstract and then at full text level, a consistency check was conducted by all four participating reviewers aiming to determine the inter-reviewer agreement. The level of agreement was tested formally using a kappa test [38] . 100 references retrieved by the search were randomly explored at title/ abstract level leading to a kappa value of 0.48. After discussing all disagreements, a second consistency check was carried out using another randomly allocated 100 references resulting in a kappa value of 0.71. After title/ abstract screening, potentially relevant articles were checked at full text level. A list of unobtainable articles (Additional file 3) and articles excluded at full text level with the reason for exclusion (Additional file 4) are provided. For conducting the consistency check as well as for the screening process at title/abstract and full text level the open-access and non-profit database CADIMA was used [39] . Two members of the review team are authors of a few articles retrieved by the review process. However, as none of these papers comprise primary data, their articles were excluded at title/abstract level. Nevertheless, the two coauthors routinely screened literature covering the issues addressed in this map.
Eligibility criteria
An article had to meet all the following inclusion criteria in order to enter into the systematic map:
Eligible populations:
Any model plant or crop produced for agricultural production as well as higher fungi was used.
Eligible interventions:
At least one of the following genome-editing techniques was used to induce an alteration in 
Study validity assessment
The aim of this systematic map was to provide a broad overview of the progress on genome-editing in plants as well as the examination of associated off-target effects. The validity of the included studies (critical appraisal) was not assessed. However, in order to facilitate the decision on the potential of a subsequent systematic review, data being indicative for the validity of an included study were extracted.
Data coding strategy
Articles in which several genome-editing techniques were applied, different plants were used or different genes were addressed have been subdivided in distinct studies. While articles were screened for relevance at title/ abstract and full text level, the relevant data were finally extracted at study level.
The data of each included study was extracted in one row in the excel file for the following superordinate categories:
Bibliographic information (reference type, authors,
year of publication, title, abstract, keywords, periodical, issue number, page range, volume, DOI/ISBN, corresponding author and the name of the country the corresponding author is located).
Information answering secondary question one
about traits modified by genome-editing (genomeediting technique, plant species, sequence identifier, trait, type of alteration, progress in research, key topic).
Information answering secondary question two
about the occurrence of off-target effects due to the use of genome-editing (search for off-target effects, prediction of potential off-target effects (in silico), the prediction method used, identification of potential off-target sites, detection of off-target effects (biased/ unbiased), detection method, amount of identified off-target effects (biased/unbiased).
Data were extracted according to the systematic map protocol [37] . Data from a subset of 20 studies were extracted by two reviewers independently to assess the consistency of the extraction process across the reviewers. Discrepancies were discussed and clarified within the whole review team. Then, the data of the other studies were extracted by one reviewer and cross-checked by a second one to minimize the introduction of human error. In case of missing data, "no information" has been noted under the respective category. If data were in another language than English or German, it is stated as "language".
Data mapping method
The overview of research activities is provided in a narrative report and visualized in tables and figures. In addition, relevant studies and the extracted data are catalogued in Additional file 5 (to answer secondary question one) and Additional file 6 (to answer secondary question two) as well as provided in a searchable database that is freely accessible on the web page https ://www.dialo g-gea. de/de/servi ce/repos itori um.
Deviations from the systematic map protocol
The methods used in this map deviate from the protocol in the following aspects:
i. Contrary to what was stated in the protocol, the recently developed base editing method was not excluded. To identify all base editing studies the second part of the search string (intervention) was extended by the terms "base-editing" and "base editing". ii. Articles in other languages than English or German were included if further parts than title and abstract of the article like figures or tables were in English or German and the provided information allowed for a definite judgment of their relevance. iii. In the course of data extraction we noticed that it was not possible to properly categorize the progress in research to the three classes indicated in the systematic map protocol [37] . Therefore, we decided to classify the studies as either basic research or market-oriented application. To be flagged as market-oriented, a study had to meet three criteria:
1. Genome-editing was applied in an agricultural crop. 2. A trait was addressed that may be of interest for commercialization (market-oriented trait). 3. The targeted trait is expressed in the edited plant grown.
All studies that did not meet all three criteria were classified as basic research.
vi. Contrary to what was stated in the protocol, no
EndNote database of all studies included in the systematic map was attached to this systematic map. Instead, one excel file for each secondary question was provided as additional file containing all included studies and the extracted data. Figure 1 presents the systematic mapping process of articles and studies in a flow diagram. From January 1996 until May 2018, in total 15,703 records were identified from ten bibliographic databases, Google Scholar, the targeted search on 47 company web pages, the USDAdatabase "Am I regulated?" and the screening of 107 review articles. After removing duplicates (n = 9521), 6182 articles remained and were screened on title/ abstract level. Main reasons for exclusion at this stage were the application of genome-editing in animals and the absence of primary data. 941 articles passed the inclusion criteria on title/abstract level or were rated as "unclear" and remained included for full text screening. The application of the inclusion criteria at full text level resulted in 524 relevant articles. Searching for grey literature on company websites and websites from governmental authorities identified another 31 further relevant documents and web pages that were considered during data extraction. Out of these 555 records, a total amount of 1328 studies were extracted and formed the basis for this systematic map. A list of all studies and the extracted data to answer secondary question one is provided in Additional file 5. Additional file 6 provides a list [40] of all studies and the extracted data to answer secondary question two. A ROSES reporting form is included in Additional file 7.
Results

Review descriptive statistics
General overview of the application of genome-editing in model plants and crops Studies per year
In the mapping period between January 1996 and May 2018, a total amount of 1328 studies were identified. As shown in Fig. 2 , the number of studies using TALENs, ZFN, ODM, MN and BE has remained on a relatively low level. In contrast, the number of studies on CRISPR/Cas has risen sharply soon after the system was applied for the first time in plants in 2013. Nearly 85% of the studies were published since 2015 indicating the rapid dissemination and development of these techniques within the last few years. As shown in Table 1 , 26 studies used MN, 27 studies used ODM, 42 studies used BE, 73 studies used ZFN, 128 studies used TALENs and 1032 studies used CRISPR/ Cas. When using CRISPR/Cas, the most frequently used nuclease was Cas9 (n = 986) followed with a large distance by Cas12a (also known as Cpf1) (n = 46).
Geographical distribution of genome-editing studies
The number of studies per country was calculated based on the country the corresponding author is located at. In case of grey literature, the study was accounted based on the country the company is located at. Multiple assignments are possible if the corresponding author is affiliated with institutions in different countries or if more than one author was indicated being corresponding author. Therefore, the sum of studies accounted for different countries is higher (n = 1494) than the total amount of studies identified (n = 1328). Asia is the leading continent when applying and publicizing genome-editing in plants (n = 784 studies, 53%) followed by North America (n = 508 studies, 34%), Europe (n = 189 studies, 13%), Australia (n = 6 studies, < 1%), South America (n = 4 studies, < 1%) and Africa (n = 3 studies, < 1%) ( Fig. 3 ). In total, publications from 33 countries were identified. As shown in Fig. 3 , China has a substantial lead in the number of studies (n = 599 studies, 40%) followed by the USA (n = 487 studies, 33%), Japan (94 studies, 6%) and Germany (n = 88 studies, 6%).
Genome-editing applications in model plants and crops
Around two-third of the studies (n = 907; 68%) were conducted on agricultural crops and one-third (n = 421; 32%) on model organisms. However, it is worth noting that rice is an important crop plant but it is also used as model species because of its genome size and because embryogenic rice cultures can be easily prepared, transformed and rapidly regenerated into fertile plants. In total, 51 . Besides to these, tomato (n = 84) is most commonly studied followed by maize (n = 77), wheat (n = 63) and soybean (n = 53) ( Fig. 4 ).
Type of alteration in the plant genome
As shown in Fig. 5 , the majority of studies (n = 1223; 92%) describe the induction of point mutations or indels comparable to spontaneous mutations or undirected mutagenesis. This was mainly achieved with SDN1 (n = 1154) where no repair template was added and the DSB was repaired by NHEJ. Additionally, the induction of point mutations (PM) using the ODM technique (n = 27) or BE (n = 42) leads to point mutations comparable to SDN1. Only 36 studies (3%) added a repair template that, except for a few nucleotides, was identical to the targeted sequence in which the DSB was introduced leading to a DSB repair via homology-directed repair (SDN2). In 68 studies (5%), a repair template was added that harbors a recombinant DNA sequence additional to the homologous sequences and the DSB was repaired via homologydirected repair (SDN3).
Secondary question 1: "What are the traits modified by genome-editing in model plants as well as in crops produced for agricultural production?"
In total, 193 studies were allocated as market-oriented applications. However, different scientists studied the same crop species and trait. Considering this, a total amount of 99 different applications in 28 different plant species remained. These market-oriented applications build the basis to answer secondary question 1. Figure 6 categorizes the market-oriented applications to different Table 2) , followed by 28 applications with an improved food and feed quality ( Table 3 ). For biotic stress tolerance, 16 different applications were identified (Table 4) , for herbicide tolerance eight applications (Table 5) , for industrial utilization six applications ( Table 6 ) and for abiotic stress tolerance five applications (Table 7) . For more detailed information about the analyzed traits, see the respective tables. As shown in Fig. 7 most of the market-oriented applications were applied in rice (n = 29), followed by tomato (n = 16), maize (n = 10), potato (n = 6), wheat (n = 6), soybean (n = 4) and canola (n = 4). In 21 other agricultural relevant crops, one or two market-oriented applications were identified.
Secondary question 2: "What is the available evidence for the potential occurrence of associated off-target effects due to the use of genome-editing in model plants as well as in crops produced for agricultural production?"
In total, 252 studies from 161 articles were identified in which the occurrence of off-target effects was assessed. Table 8 maps the number of analyzed off-target effects for different genome-editing techniques and different plant species. Most of the off-target analyses were conducted in CRISPR/Cas studies (n = 228) followed by TAL-ENs studies (n = 9), BE studies (n = 9) and ZFN studies (n = 4). Solely in one ODM and in one MN study off-target effects were investigated. Most off-target effects were analyzed in rice (n = 93), followed by tomato (n = 28), Arabidopsis (n = 23) and soybean (n = 15) ( Table 8 ).
Off-target effects considered for CRISPR/Cas-systems
More than 90% of the studies, in which off-target effects were assessed, were conducted with CRISPR/Cas. Figure 8 provides an overview of the applied approaches to identify off-target effects. In total, 228 CRISPR/Cas studies dealt with the analysis of off-target effects. 205 studies predicted potential off-target sites and 195 of these identified potential off-target sites. Solely in 188 studies, these potential off-target sites were further analyzed for the occurrence of off-target effects using biased detection methods. In addition, 23 studies with already known potential off-target sites were assessed using biased detection methods. So, in total, 211 studies analyzed potential off-target sites using biased detection methods. Solely, nine studies searched for off-target mutations in a completely unrestricted way using unbiased detection methods. An overview of all identified CRISPR/Cas studies, in which off-target effects were addressed, is provided in Additional file 6 including all extracted data.
Prediction of potential off-target sites by CRISPR/Cas
Different prediction tools can be used to identify potential off-target sites. All of them have in common that based on sequence alignment programs DNA-sequences are identified in which unintended mutations could occur due to high similarity between the targeted sequence and the potential off-target site. However, the prediction of a potential off-target site is not equated with a real offtarget mutation. It has to be shown in a follow up step by verifying the potential off-target site using biased detection methods. 205 CRISPR/Cas studies searched for potential off-target sites. As shown in Fig. 9 , many different prediction tools were used to identify these sites. Mainly, three tools were used to predict potential off-target sites. BLAST was used 54 times, CRISPR-P 51 times and CasOFF-Finder 31 times. 12 other prediction tools were used in 31 studies (for detailed information see Additional file 6). 41 studies did not provide any details about the used tool(s). Three studies used two different prediction tools to identify potential off-target sites. The number of predicted off-target sites varies widely between studies from zero to 4265. Several reasons for this broad heterogeneity exist, which were not extracted in detail within this map but will be elucidated in the discussion.
Detection of off-target effects-biased
Targeted sequencing to pre-selected sites was applied in 211 CRISPR/Cas studies to detect off-target effects. As shown in Fig. 8 , the predicted off-target sites were frequently analyzed for the occurrence of off-target effects using biased detection methods. In a few studies, potential off-target sites were already known and analyzed without using sequence alignment programs a priori. Figure 10 displays the different detection methods applied to identify off-target mutations. In the large majority of studies, off-target effects were detected using a PCR followed by sequencing (n = 137). Only a few studies used the detection methods RE-PCR assay (n = 16), targeted deep sequencing (n = 15), enzyme mismatch cleavage assay (n = 13) and CAPS analyses (n = 13). In 11 studies, no information about the used detection method was provided.
Taking all CRISPR/Cas studies together, 1738 different potential off-target sites were analyzed using targeted sequencing. Off-target effects were identified in 55 of these sites, indicating that in around 3% of the analyzed sequences off-target mutations were detected. In another six studies, no information was provided about the amount of analyzed off-target sites but off-target mutations were not identified either.
Considering the different plant species, most of the CRISPR/Cas studies using biased detection methods were conducted in rice (n = 77), followed by tomato (n = 23), Arabidopsis (n = 21), different moss species (n = 13) and soybean (n = 12) ( Table 9 ). In rice, a total amount of 291 potential off-target sites were analyzed and in 25 of these sites, off-target mutations were detected. In contrast, studies conducted in tomatoes solely reported the identification of one off-target mutation when analyzing 222 potential off-target sites.
In one study, a different approach was chosen to assess the occurrence of off-target effects [175] . In this study, a series of mismatches were introduced at the sgRNA followed by analyzing whether the targeted sequence was Weizmann Institute of Science, Israel CRISPR/Cas9 SDN 3 [84] successfully mutated despite the mismatch(es) between the sgRNA and the targeted sequence. Additionally, in this study, the off-target patterns between two PAMs (NGG and NAG) were compared. 22 times the sgRNA was designed in a way that it contained one mismatch to the targeted sequence. 15 of these altered sgRNA induced a DSB at the targeted sequence. 14 times the sgRNA contained two mismatches to the targeted sequence and four of these sgRNA induced a DSB in the targeted sequence. Moreover, eight times the sgRNA contained three mismatches. In these cases, no mutation was identified in the targeted sequence [175] . According to the prediction of off-target effects, the summary provided here does not allow any conclusions to be drawn due to broad heterogeneity.
Heterogeneity in CRISPR/Cas-studies regarding the evidence how to predict and detect potential off-target effects
The number of potential off-target sites called "identified" by the respective authors varies widely between zero and 4265. Several reasons were identified that could explain this broad heterogeneity:
i. In total, potential off-target sites were investigated in over 30 different plant species and subspecies. The different genome sizes and the different number of chromosome sets of the individual plants vary widely which influence the number of potential off-target sites. ii. To identify potential off-target sites in CRISPR/ Cas-studies 15 different prediction tools were applied. iii. For the detection of off-target effects, various methods have been used, but all of them show their specific advantages and disadvantages and could affect the occurrence of off-target effects [26, 32] . iv. The number of hypothetically tolerated mismatches between the target sequence and the potential off-target sites which is an exercise in combinatorics. Ali et al. [176] identified a total amount of 4265 potential off-target sites in the model organism Nicotiana benthamiana for a CRISPR/Cas9 sgRNA. To identify candidate off-target sites, the genome was screened allowing one to seven mismatches to the target sequence. Hence, the more mismatches are tolerated in prediction the higher is the number of potential off-target sites (in the paper: one, two or three mismatches tolerated: No potential off-target sites, four mismatches tolerated: One potential off-target site, five mismatches tolerated: 60 potential off-target sites, six mismatches tolerated: 515 potential off-target sites, seven mismatches tolerated: 3689 potential off-target sites). This indicates that the number of potential off-target sites strongly depends on the number of hypothetically tolerated mismatches. Throughout the available literature, the number of tolerated mismatches predetermined by the researchers was very heterogeneous ranging up to 13 mismatches [177] . v. Individual studies also deviate between different structural assumptions when determining potential off-target sites. In most studies, a potential offtarget was only counted as such if a PAM followed the potential off-target site. However, in some studies, potential off-target sites were assigned as such without being followed by a PAM (e.g. [44, 178] ), although at these sites no DSB can be induced with the specific CRISPR-nucleases used. [114] vi. In some studies, the sgRNA was selected taking into account that no potential off-target effect should occur. Care was taken that, apart from the target sequence, no other sites in the genome possess a similar sequence that could result in an offtarget mutation. Thus, the predicted number of potential off-target sites is lower or zero in these studies compared to studies, in which potential off-target sites were not considered a priori in the sequence selection.
Detection of off-target effects-unbiased
Nine CRISPR/Cas studies were identified using whole genome sequencing (WGS) as an unbiased detection method to identify genome-wide off-target effects (see Additional file 6). No off-target mutations were detected in any of these studies. One study compared both biased and unbiased detection methods. While using unbiased detection methods, no off-target effects were detected, but biased methods detected one off-target [179] . An explanation for this could be that WGS is able to detect higher frequency off-target effects only, but lacks the sensibility required to detect off-target mutations in bulk population [26] .
Off-target effects considered for TALENs systems
In the period until May 2018, nine TALENs studies were identified addressing off-target effects. Additional file 6 provides an overview of these studies including all extracted data according to the systematic map protocol. Figure 11 maps the different approaches used to analyze off-target effects. Five studies predicted potential off-target sites. Two times, the TAL Effector Nucleotide Targeter 2.0 was used and one time each of the tools PROGNONS, kmasker and Arabidopsis Information Resource PatMatch. The number of identified potential off-target sites varies widely between zero and 18. In one study, no precise information was given and it was just indicated that many potential off-target sites were identified. The four studies that identified potential off-target sites investigated these for the occurrence of off-target effects using biased detection methods. In addition, three studies with already known potential off-target sites assessed these sites. Different tools were used to examine whether off-target effects occurred. Two studies used enzyme mismatch cleavage assay and one study each PCR + Sequencing, PCR + CAPS and RE-PCR assay. In two studies, no detailed information about the applied detection method was provided. In total, 31 potential offtarget sites were analyzed for the occurrence of off-target Chinese Academy of Sciences, China CRISPR/Cas9 SDN1 [146] Calyxt, Inc., USA TALENs SDN1 [147] effects and one of these sites contained an off-target mutation. In one study, an unbiased search for off-target effects was conducted [180] . Using Whole Genome Sequencing (WGS), three off-target mutations were identified which were not present in the wild-type sample. However, the off-target sequences showed no similarity to the TALENs binding sites. Therefore, the occurrence of these mutations cannot be ruled out to be spontaneous ones or sequencing errors [180] .
Off-target effects considered for Zinc-Finger Nucleases systems
Four studies dealt with the analyses of off-target effects when applying ZFN in plants. Detailed information is Zhejiang University, China TALENs SDN2 [158] Tohoku University, Japan ODM [159] Kobe University, Japan; University of Tsukuba, Japan BE [160, 161] King Abdullah University of Science and Technology, Saudi Arabia CRISPR/Cas9 SDN2 [162] Soybean DuPont Pioneer, USA Herbicide tolerance -CRISPR/Cas9 SDN2 [163] CRISPR/Cas9 SDN3 [164] [171] provided in Additional file 6. All studies identified putative off-target sites that are most closely related to the target sequences. Two times, the database PLantGDB was used to identify potential off-target sites and two times no detailed information was provided. In total, 10 potential off-target sites were detected which were then screened for the occurrence of off-target effects. No offtarget mutations were detected in any of these analyzed, potential off-target sites.
Off-target effects considered for Meganuclease systems
Solely one MN study was identified that analyzed offtarget effects (Additional file 6). In this study, a homologous sequence to the target one was identified that differs solely in two nucleotides. However, when screening this potential off-target site no modification was identified.
Off-target effects considered for Oligonucleotide-Directed Mutagenesis systems
One study addressed the occurrence of off-target effects in rice using the ODM technique (Additional file 6). Beside the targeted Acetolactate synthase (ALS) sequence, the whole coding region of ALS gene was sequenced but no further mutation was detected.
Off-target effects considered for base editing systems
In total, nine BE studies analyzed the occurrence of offtarget effects (Additional file 6). However, one study could only rarely be evaluated due to language barriers [181] . The approach used to identify off-target effects was similar in all studies (Fig. 12) . In a first step, potential off-target sites were predicted using different tools (2× CRISPR-GE tool, 2× CRISPR-P, 1× CasOff-Finder, 3× no information). According to the other genome-editing techniques, the number of potential off-target sites varies widely between one and nine. In a second step, all predicted potential off-target sites were sequenced for the occurrence of off-target effects using PCR + sequencing method (n = 6), targeted deep sequencing (n = 2) or enzyme mismatch cleavage assay (n = 1). One off-target mutation was identified.
Discussion
Market oriented applications of genome-editing
This map documents the state of evidence for the application of genome-editing as a new tool for the modification of plant traits and the associated potential occurrence of off-target effects. The publication rate of primary research has risen sharply since the CRISPR/Cas technique was first applied in plants in 2013. It is worth mentioning that in total primary studies from 33 countries were identified but nearly three quarter of these studies originate from either China (40%) or the USA (33%). For comparison, Japan and Germany published around 6% of the studies each and no other country contributed more than 2% of the total. Summarizing the number of published studies by continent, more than 50% of the studies were conducted in an Asian country (53%), around onethird in North American countries (34%) and only 13% in European countries. As the genome-editing techniques, especially CRISPR/Cas, were just recently developed, the large majority of the existing applications represent basic research. Nevertheless, almost 100 different applications aimed to produce beneficial agricultural traits in 28 different agricultural crops. We determined that the majority of such "market-oriented" applications have [174] been carried out in economically important crops such as maize, rice, wheat and soybeans, but less economically important crops such as cucumber, lettuce, peanut or grapefruit have been worked on as well. The marketoriented applications address several breeding objectives including yield improvement, improved growth characteristics, improved food and feed quality, tolerances to biotic and abiotic stress, herbicide tolerance and industrial utilization. This indicates that genome-editing is able to address beneficial traits for the agricultural value chain and could contribute to food security and the environmental management. To confirm this hypothesis a systematic review would be required to quantify such effects.
Off-target effects of genome-editing
252 studies investigated the occurrence of off-target effects following a genome-editing application in plants.
Most of these studies were performed with the genomeediting technique CRISPR/Cas (n = 228), whereas only a few studies used TALENs (n = 9), BE (n = 9), ZFN (n = 4), MN (n = 1) or ODM (n = 1). Reasons for these findings are that the total number of studies in which CRISPR/ Cas was applied is much larger compared to the other genome-editing techniques. Additionally, CRISPR/Cas is more susceptible to off-target effects compared to other nuclease techniques such as ZFN and TALENs, as it works as a monomer, whereas ZFN and TALENs work as dimers [182] . In addition, the sgRNA used in CRISPR/ Cas-applications is able to tolerate several mismatches leading to the induction of a DSB at a site in the DNA that is similar but not identical to the targeted sequence [32] . In most CRISPR/Cas studies biased detection methods were used, meaning that potential off-target sites were first predicted using bioinformatics programs followed by targeted sequencing of these sites for the occurrence of off-target effects. The biased method suggests a very broad data basis, but as shown in the result section, individual studies are very heterogeneous in their structure and design. Heterogeneity was identified regarding the plant species, the CRISPR-variant, the prediction tools and detection methods used, the amount of tolerated mismatches and the chosen sgRNA. In order to allow any conclusions to be drawn about the occurrence of off-target effects a more in-depth analysis e.g. by a systematic review is mandatory.
Knowledge gaps
Regarding secondary question 2, several topics have been identified representing knowledge gaps where no studies or only a small number of studies exist. A knowledge gap exists for the analysis of off-target effects in TALENs, ZFN, MN, ODM and BE. Only nine studies have been Fig. 8 Overview of the used approaches to assess off-target effects in CRISPR/Cas studies. All numbers represent the amount of studies conducted for different approaches. In some studies, several approaches were used to analyze off-targets identified analyzing the occurrence of off-target effects in TALENs and BE studies. The amount of off-target studies for ZFN (n = 4), ODM (n = 1) and MN (n = 1) were even lower. For a more in-depth off-target analysis regarding these techniques, further research and more primary studies are needed. However, the CRISPR/Cas technique is applied much more frequently because of efficiency, time saving and cost-effectiveness compared to TALENs, ZFN, ODM and MN [182] . Therefore, it is questionable what additional research effort is justified. BE differs as it has great potential to support plant breeding, though it is not broadly established yet. It is based on the CRISPR/ Cas9 system but enables exchanging individual base pairs at specific sites without inducing a DSB. Our map shows that only a few BE studies addressed the occurrence of off-target effects so far. The likely reason is that BE is a "young" method in plants, and its first publication was in 2017. Further research about BE including the analysis of off-target effects is highly recommended. Another knowledge gap affecting all genome-editing techniques is the genome-wide analysis of off-target effects in a completely unrestricted way. Only nine studies addressed this aspect using the CRISPR/Cas technique and one using the TALENs technique. No study analyzed off-target effects using unbiased detection methods in ZFN, ODM, MN and BE studies.
Knowledge clusters
The analysis of off-target effects in CRISPR/Cas studies using biased detection methods represents a knowledge cluster. This cluster is amenable for a critical appraisal serving the interest of researchers and decision-makers. The following parameters could affect the occurrence of off-targets and are worth to be analyzed in-depth:
• Genome composition, size and ploidy level of different plant species. • Amount of tolerated mismatches at the potential offtarget sites. • Quality of available biased detection methods. • CRISPR variants (e.g. Nickase). • Chosen sgRNA. • Methodology of SDN delivery.
Limitations of the systematic map
References were only searched in German and English language. Publications in an Asian language, in which only the abstract was available in English, were also Table 9 Overview of the amount of studies analyzing potential off-target sites, the amount of analyzed potential offtarget sites and the amount of identified off-target effects using biased detection methods in different plant species
Plant species
Amount of studies analyzing preselected potential off-target sites Amount of analyzed potential offtarget sites-biased identified but could not be included in this map for the extraction of detailed data. Since most of the studies were found in scientific journals, a bias in the pool of articles found is that publications from countries that probably use genome editing but do not publish in either English or German language are not represented. For example, it can be assumed that in South American countries, considerably more research is done than the identified literature suggests. Identifying grey literature as well as manually identifying scientific journals publishing in the local language(s) was also not possible due to language barriers. Additionally, the full text of 104 articles, that have been rated as relevant on title/abstract level, were un-retrievable and were therefore not included in the systematic map (see Additional file 3).
Amount of identified offtarget effects-biased
It has been demonstrated that the individual studies addressing off-target effects differ widely in design and implementation. Therefore, no reliable conclusions about the occurrence of off-target effects can be drawn based on the results of this map. A critical appraisal of the individual studies in form of a systematic review is recommended.
Conclusions
Implications for policy/management
This systematic map identified substantial bodies of evidence regarding the applications of different genomeediting techniques in plants as well as the occurrence of off-target effects. Until May 2018, almost 100 marketoriented applications were identified including improved food and feed quality, yield improvement, altered growth Fig. 11 Overview of the used approaches to assess off-target effects in TALENs studies. All numbers represent the amount of studies conducted for different approaches characteristics, resistance against biotic and abiotic stress, herbicide tolerance and industrial utilization. The wide range of different applications addressing all parts in the agricultural value chain and the application in many different plant species indicates that genome-editing became a promising tool to breed varieties that are better adapted to the needs of agriculture and to enable a valuable contribution to food security and the environment.
A decisive factor that impacts the use of genomeediting is the acceptance by consumers and retailers for products derived from innovative plant breeding methods. A prominent point of criticism in this context is the occurrence of off-target effects. Since plant breeding is the contextual background, it is worth to compare the occurrence of off-target effects in the context of naturally occurring mutations and routinely used breeding techniques like regular crossing or undirected mutagenesis using chemical mutagens or irradiation [10] .
Implication for research
Results of this systematic map determined that different approaches were used to analyze off-target effects depending on the plant species and with regard to the CRISPR-variant, the prediction tools and detection methods used, the amount of tolerated mismatches and the chosen sgRNA. A critical appraisal in the course of a systematic review could help to identify parameters in order to further reduce the occurrence of off-target effects. The identified knowledge cluster for the detection of off-target effects in CRISPR-studies using biased detection methods would be suitable to address this.
The results of this map further identified a knowledge gap regarding the analysis of off-target effects using unbiased detection tools. To increase this data basis and to evaluate whether an unbiased off-target analysis has an added value compared to biased of target analysis, more studies should assess this aspect, in future. Fig. 12 Overview of the used approaches to assess off-target effects in BE studies. All numbers represent the amount of studies conducted for different approaches
